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Abstract 

The scaling in cr^*p{W'^ ,Q'^) cross sections (for Q'^/W'^ << 1) in terms of the scahng 
variable rj = (Q^ + mo) / A'^ (W'^) is interpreted in the generalized vector dominance/color- 
dipole picture (GVD/CDP). The quantity A'^{W'^) is identified as the average gluon trans- 
verse momentum absorbed by the qq state, < >= (1/6)A^(1^^). At any Q^, for W'^ — > 
oo, the cross sections for virtual and real photons become universal, 
cr^*p{W'^ , Q'^) / a.yp{W'^) 1. The gluon density corresponding to the color-dipole cross 
section in the appropriate limit is found to be consistent with the results from QCD fits. 

Two important observations [|T| were made on deep inelastic scattering (DIS) at low values 
of the Bjorken scaling variable Xbj = Q'^/W'^ << 1, since HERA started running in 1993: 

i) The diffractive production of high-mass states (of masses Mx ^ SOGeV) at an appreciable 
rate relative to the total virtual-photon-proton cross section, a^*p{W'^, Q"^). The sphericity and 
thrust analysis H of the diffractively produced states revealed (approximate) agreement 
in shape with the final state found in e'^e~ annihilation at ^/s = Mx- This observation of 
high-mass diffractive production confirms the conceptual basis of generalized vector dominance 
(GVD) 1^, Q that extends the role of the low-lying vector mesons in photoproduction |^ to 
DIS at arbitrary Q^, provided Xbj << 1. 

ii) An increase of (T^*p(W^^, Q^) with increasing energy considerably stronger than the smooth 
"soft-pomeron" behavior known from photoproduction and hadron-hadron scattering. 

We have recently shown |^ that the data for total photon-proton cross sections, including 
virtual as well as real photons, show a scaling behavior. In good approximation, 

<yrp{W', Q') = a,,p{r]), (1) 
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Compare Fig. 1. The scale A^(14^^), of dimension GeV^, turned out to be an increasing function 
of the 7*p energy, W"^, and may be represented by a power law or a logarithmic function of W"^, 



2^C2 



(3) 



In a model-independent fit to the experimental data, the threshold mass, mn < m? 



two parameters 02(02) and Wq^Wq) were found to be given by ttIq 
0.28 ± 0.06, = 439 ± dAGeV^ with x'^/ndf = 1.15, and ml 



3.5 ±0.6, W^^ 



Q \ //(,^, and the 
0.125 ±0.027Ge\/2^ cs = 
0.12 ± 0.04Ge\/2 
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1535±582Gey^ with x'^/ndf 
is irrelevant for the scaling behavior. 



1.18. The overall normalization, Ci(c'i) in (3) 




Figure 1: The experimental 
data for cr^.p(H^^, Q"^) for x ~ 
qyW^ < 0.1, including = 
0, vs. the scaling variable 77 = 
{Q^ + ml)/ A^iW). 



□ Dala (\ < 0.1, Q < 10(K) GeV ) 
— Pietewise linear paramelerization 



n - (Q-+m;;i/A^(w^) 



For the interpretation of the scaling law (1) , we turn to the generalized vector dominance/color- 
dipole picture (GVD/CDP) H, 0, of deep- inelastic scattering at low a; << 1. It rests on 7*(gg) 
transitions from e^e~ annihilation, forward scattering of the [qq) states of mass Mgg via (the 
generic structure of) two-gluon exchange P| and transition to spacelike via propagators of 



the (qq) states of mass Mqq. In the transverse-position-space representation ||lOl, we have 
a^,j,iW',Q') = [dz [ d'r^\^lj\\rlQhil-z),Q'zil-z),z)- 



■ a^,,Uri,z{l-z),W'). (4) 

We refer to ref. [1^ for the explicit representation of the square of the photon wave function. 
The ansatz (4) for the total cross section must be read in conjunction with the Fourier 
representation of the color-dipole cross section, 

a(,5)p(ri, zil -z),W') = J dH^a^,g),ilf, ^(1 - z), W) ■ (1 - e^'^-^). (5) 

The function aqq)p{lf,z{l — z),W'^) describes the gluon-gluon-proton-proton vertex function. 
Upon insertion of (5) into (4), together with the Fourier representation of the photon wave 
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function, one indeed recovers the expression for a^.p that displays the x — >■ generic structure 
of two-gluon exchange]^ The resuhing expression for a^*p is characterized by the difference of 
a diagonal and an off-diagonal term with respect to the transverse momenta (or masses) of the 
qq states the incoming and outgoing photon virtually dissociates into. 

From (5), the color-dipole cross section, in the two limiting cases of vanishing and infinite 
interquark separation, becomes, respectively, 

.,„>(ri. ^(1 - W-) = . { fl'^^l)^".' . -I - (6) 

The proportionality to for small interquark separation is known as "color transparency" . 
For large interquark separation, the color-dipole cross section should behave as an ordinary 
hadronic one. Accordingly, 

= iT j dQa{ll, z{l - z),W^) (7) 

must be independent of the configuration variable z and has to fulfill the restrictions from 
unitarity on its energy dependence. The average gluon transverse momentum {lf)w^,z in (6), 
is defined by 

{< I )W2 2 = . 10) 

' Jdlfa^,,),il^^z{l-z),W^) 
Replacing the integration variable r'j_ in (4) by the dimensionless variable 

u = rlA\W^)z{l - z), (9) 

the photon wave function becomes a function jj,^)- The requirement of scaling (1), 

in particular for » mg, then implies that the color-dipole cross section in (^) be a function 
of u, 

(^igg)pirl, z{l - z), W^) = a(^gg)p{u). (10) 
Taking into account (|^), with (p!0|), we find 

{r^)^.,^ = A'iW')zil-z), (11) 

and upon averaging over z, 

{iDw^ = \^\W% (12) 

The quantity h^iW"^) in the scaling variable (2) is accordingly identified as the average gluon 
transverse momentum, apart from the factor 1/6 due to the averaging over z. 
Inserting (/ '^)w'^,z from (11) into (6), we have 

^ _ ,(oo) / \rlK\W')z{l - z) , for ■ ^ 0, 



^It is precisely the identical structure S that justifies the GVD/CDP (4), (5) from QCD. 
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The dependence of the photon wave function in (4) on ■ requires small t\ at large 
in order to develop appreciable strength; for large Q^, the — > behavior in (13), with its 
associated strong W dependence, becomes relevant until, finally, for sufficiently large W ^ the 
soft W dependence of cr'-°°-* will be reached. 

Thus, by interpreting the empirically established scaling, o^*.p = cr^.p(?7), in the GVD/CDP, 
we have obtained the dependence of the color-dipole cross section on the dimensionless variable 
u in (10) and, consequently, with (13), qualitatively, the dependence on i] shown in fig. 1. 
Conversely, assuming a functional form for the color-dipole cross section according to (10), one 
recovers the scaling behavior (1). 

In 0, we have shown that approximating the distribution in the gluon momentum transfer 
by its average value, (11), 



(14) 



allows one to analytically evaluate the expression for a^*p in (4) in momentum space. The 
threshold mass mo < mp enters via the lower limit of the integration over the masses appearing 
in the propagators of the ingoing and outgoing qq states. For details we refer to 0, and only 
note the approximate result 
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l|2r/ = 



1 A^jW^) 

2 Q2 • 



for 7] ^ r^min 

for 7] » 1. 



A2(Ty2)' 



(15) 



Note that for any fixed value of Q^, with W"^ — > oo, the soft logarithmic dependence as a 
function of ri~^ is reached. We arrive at the important conclusion that in the W"^ — >■ oo limit 
virtual and real photons become equivalent |TT| 



q2 fixed 



'IP 



1. 



(16) 




Figure 2: The virtual- 
photon-proton cross section, 
a^*p{W'^,Q'^), including 
= photoproduction, as 
a function of for fixed 
Q^. The figure demonstrates 
the asymptotic behavior. 



a. 



■y'P 



for W 



oo, that follows 



from the scaling in r] contained 
in the GVD/CDP. 



Even though convergence towards unity is extremely slow (compare Fig. 2), such that it may be 
difficult to ever be verified experimentally, the universality of real and virtual photons contained 
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in (16) is remarkable. It is an outgrowth of the HERA results which are consistent with the 
scaling law (1) with rj from (2) and A^(iy^) from (3). Note that the alternative of = const 
that implies Bjorken scaling of the structure function F2 
leads to a result entirely different from (16), 



Q (Jyp for sufficiently large Q 



lim 



A' 



fixed 



A2 



(assuming A = const.), 



2Q2 In 

i.e. a suppression of the virtual-photon cross section by a power of Q^. 



(17) 
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□ Dala (X < 0.01. Q < 100 GeV I 
— Theory (GVD/CDPl (W' = 10 - lO' GeV') 



n = (Q-+m,|/A-(W-) 



Figure 3: The dependence of 
A^ on W"^, as determined by 
a fit of the GVD/CDP predic- 
tions for (T-y*p to the experimen- 
tal data. 



Figure 4: The GVD/CDP scal- 
ing curve for a^*p compared 



with the experimental data for 
X < 0.01. 



In Fig. 3, we show A'^{W^) as obtained from the fit [0 of a^*p to the experimental data. 
The figure shows the result of fits based on the power law and the logarithm in (3), as well as 
the results of a pointlike fit, A'^{W^). Using (12), one finds that the average gluon transverse 
momentum increases from < if >^ 0.5GeV^ to < If >~ l.25GeV^ for W from W ~ 30GeV^ 
to ~ 300GeV^. In Fig. 4, we show the agreement between theory and experiment for a^*p 
as a function of rj. For further details we refer to ref. 0. 

So far we have exclusively concentrated on a representation of a^*p in terms of the color- 
dipole cross section, C(gg)p(^x , W^, 
such that the A^{W'^) ■ ff 

gluon interaction with the proton target in terms of the gluon density of the proton, 
corresponding formula has indeed been worked out in |T^. It reads 



'1 — 2;)). For sufficiently large and non- asymptotic W"^, 
limit in (|T3D is valid, one may alternatively parameterize the 

The 



Identifying (|T8|) with the A'^{W^) ■rj_ ^ form of o"(qg)p from (0), upon averaging over z{l — z) 
as in (IT! 



(19) 
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Q^=20.0 — ^ 




Q =5.0 

- 







0.0001 0.001 0.01 



Figure 5: The gluon den- 
sity corresponding to the color- 
dipole cross section of the 
GVD/CDP. 



we deduce 



xg{x, Q')a,{Q^) = ^a^^^A' (^) . (20) 

The functional behavior of A^(iy^) = (^) ^responsible for the — >• dependence of the 

color-dipole cross section thus determines (or provides a model for) the gluon density. We note 
that the result (|18D is also obtained [Tl|] by assuming gluon dominance at low x in DGLAP 



evolution [|I^, thus extracting the gluon distribution by taking the logarithmic derivative of 
the expression for the structure function F2 corresponding to cr^.p for ^ 1 in (0). This 
explicitly demonstrates the consistency of the interpretation of the GVD/CDP in terms of the 
gluon density. 

In Fig. 5, we show the gluon density obtained from (^) upon inserting the appropriate 
values of as{Q'^) from the PDG Jl^. There is a remarkable consistency between our results 
in Fig. 5 and the results for the gluon density obtained in QCD fits by the HI and ZEUS 
collaborations. More specifically, it is gratifying that the results in Fig. 5 are consistent with 
the ones of the HI and ZEUS collaborations [|15| based on the LO analysis [l^ also used in 



our extraction of the gluon density. A comparison with the results of the more sophisticated 
NLO-QCD fit [|1|] reveals consistency with Fig. 5 for x = lO"! For x = IQ-^, the NLO-QCD 



fit lies below the LO analysis and, consequently, it lies somewhat below our results in Fig. 5. 

The essential differences between the GVD/CDP presented here and related approaches 
T7, rH| were briefly touched in ||^. As additional distinctive feature, we note our aforementioned 



straightforward connection between the GVD/CDP and the gluon density of the proton. A 
further remark concerns the scaling behavior of a^*p. From the above discussion, it is clear 
that scaling in Q'^/A'^{W'^), assuming ^ ttiq for simplicity, is intimately connected with the 
color-dipole approach. It is a consequence of the ■ A'^(W'^) dependence of the color-dipole 
cross section in (^. A different ansatz for the color-dipole cross section, such as the one in 
ref. [0 that contains an rf/Rl{x) dependence, accordingly, is bound to also imply a scaling 
behavior for a^*p, which is expected to be based on a different scaling variable. In the 
scaling variable r was found. For Q"^ ^ 0, the data in the presently explored kinematic domain 
do not discriminate between scaling in rj and scaling in r. It is the very existence of scaling 
that supports the color-dipole ansatz for DIS at low x. The variable r, however, does not allow 
one to consistently include = photoproduction. 

In summary, we have shown that the HERA data on DIS in the low- a; diffraction region. 
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including Q"^ = photoproduction, find a natural interpretation in the GVD/CDP that rests 
on the generic structure of two-gluon exchange from QCD. The gluon density that in the 
appropriate limit corresponds to the color-dipole cross section is consistent with the results 
from QCD fits. The cross sections for real and virtual photons on protons become identical in 
the limit of infinite energy. 
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